The article is devoted to the description of the results of wavelet analysis of fetal heart rate detecting by cardiotocography method. A number of conclusions are made on the base of such an analysis.
of (1) it is easier to use; (2) it has no contra-indications; (3) it is non-invasive; (4) may be used repeatedly; (5) it can be applied in the outpatient department [1] . Necessity of visual assessment by physicians causes poor intra-observer and inter-observer reliability. The interpretation of observed CTGs is a skill which is acquired through years of experience [2] .
The normal FHR pattern is characterized by a baseline frequency between 110 and 160 beats per minute, presence of periodic accelerations (FHR-increasing more than 15 beats/min lasting more than 15 s), normal heart rate variability with a bandwidth between 5 and 25 beats per minute (it is called reactive pattern of NST reading) and the absence of decelerations (FHR-decreasing more than 15 beats/min lasting more than 15 s) [1] . The poor fetal condition is associated with decreasing of FHR variability. However, decreasing FHR can be also observed in normal fetal condition during such fetal behavioral state as so called "quiet sleep" (which can last for about 40 minutes). This FHR pattern without accelerations with a low FHR variation is called "nonreactive" result of NST. A diagnosis of fetal distress should not be determined on the basis of nonreactive pattern of NST if the recording did not last more than 45 minutes. There is no criteria to distinguish nonreactive pattern of NST during quiet sleep of normal fetus from FHR pattern in poor fetal condition [3] .
If obstetricians conclude from CTG that FHR pattern is normal then it means almost surely the good condition of a fetus. It makes the cardiotocography' method useful. However, in cases of FHR patterns considered "abnormal" by the obstetricians, at least half of these turn out to have been false alarm. Thus the number of operative interventions is dramatically increased since the introduction of CTG; many of these having been unnecessary [4] .
Automatic analysis is created to overcome this difficulty. Computerized CTG analysis can lead to uniform and objective interpretation by providing a reproducible determination of FHR characteristics. Computerized evaluation of FHR also allows to estimate those characteristics that cannot be assessed by visual analysis. For example-short-term variation (STV, criteria Dawes-Redman)-pulse interval differences for 3.75-s epoch, which is applied in the most widely used system for the numerical analysis of NST, namely, in the computer program made by Sonicaid System. Computerized analysis allows us to assess FHR variability more exactly and to raise accuracy of perinatal outcome prediction. Presence of episodes of a high variation lasting 10 or more minutes indicates more than 99% of normal NST readings. However, using this program it is not possible to assess fetal well-being during quiet sleep because the low FHR variation of healthy fetuses during quiet sleep cannot be distinguished from the low variation of compromised fetuses [5] .
Recently, it is developed the heart rate variability (HRV) assessment in the frequency domain using digital signal processing techniques. Power spectral descriptions of HRV (different kind of Fourier analysis) are now widely used tools for the assessment of autonomic function and the prediction of outcome in some kinds of pathological conditions [6] . Wavelet transform, on the other hand, is a very new analysis method. The main advantage of wavelet transform analysis is in the obtaining of the additional information about the period of time when the various spectral components appear in the signal. In this way, sudden amplitude and/or frequency jumps can be detected. Using wavelet transform analysis of heart rate variability in adults has demonstrated more possibility in prediction of outcome in some kinds of pathological conditions [7] . Wavelet transform has been applied only in a few studies for the analysis of FHR during labour [8] . The aim of our work is to study possibility of analysis of amplitude-frequency characteristics FHR which is obtained by using wavelet transform analysis for indication of fetal condition. We determine certain amplitude-frequency characterization of the FHR in a number of frequency bands (see [9] ). By using multiply regression method we propose a new diagnostic method for prediction of the anterpartum asphyxia. The diagnostic efficiency of the model is analyzed on the base of such analysis.
Methods
We have analyzed 121 FHR records. 37 FHR records were obtained in 9 cases of intrauterine deaths from asphyxia during antepartum period (during pregnancy) from 1992 through 2003 in Obstetric Clinic of Minsk District and Clinical Hospital No. 7 in Minsk. The fetuses of these women had pathoanatomical sigh of fetal asphyxia. 84 FHR records were obtained from 31 women with normal perinatal outcome.
The CTGs were registered during pregnancy using external method by the cardiotocograph "Corometrics." The mean duration of records was 18 min (CI 95% = 17-19 min). The CTGs with purely sinusoidal shape were excluded from analysis since they surely means a bad situation with a fetal (see, e.g. [1] ). The sampling frequency cardiotocography "Corometrics" was 1 Hz.
To develop amplitude-frequency characterization of the FHR we use wavelet analysis. The original CTG's have a a form of a continuous curve of a finite length. Anyway, the real information is presented only in a collection of points on the curve. Therefore, starting from integral (continuous) wavelet transform we deal later only with discrete information which is analyzed by using discrete wavelet transform. To do this we create an algorithm for such a discrete analysis. Let us briefly describe it.
The CTGs are converted in digital form. Before using wavelet analysis digital data of CTGs we transfer in form which was possible for wavelet analysis. First, the characteristic points of the CTGs are obtained. Then we detect a new signal length which was equal the second power. For this we applied the following formula:
We rebuilt the data collection into time series by exploiting extrapolation/interpolation and possible moving of the above characteristic points. For computing signal value x(t i ) in new data set t i we apply polynomial interpolation in internal range or extrapolation out of signal. Wavelet coefficients are obtained by carrying out a discrete wavelet transform.
where transform coefficients T(a, b) are computed for specific locations on the signal, t = b, and for periods (which are a function of a), g is the analyzing wavelet function and x(t) is volume FHR signal. For instance, if we take as wavelet family the Haar wavelets we have that the Haar wavelet family {ψ n k (t)} is the orthonormal basis for the L 2 ([0,1]) functions:
Given the discretization of the function {x i },
M , the Lagrange polynomial interpolation of {x i } gives:
being l i (t) the Lagrange coefficients.
With the Haar wavelets and the discretization: a = 2 −n , b = 2 −n k the continuous wavelet transform becomes
The wavelet transform allows to decompose a signal into components, in our case, we consider only 8 frequency bands (Figs. 1 and 2 ). Thus we could choose the appropriate frequency scale from 8 ones in the wavelet transform and analyze some amplitude characteristics (maximum range (MR), standard deviation (SD) and mean absolute deviation (MAD)) while ignoring the contribution of other frequency scales.
A comparison between the groups are performed by using Student t-test for continuous variables with normal distribution and Mann-Whitney U-test for continuous variables without normal distribution. The values with the probability less than 0.05 are considered statistically inessential. Multiple logistic regression was used to investigate the diagnostic significant of FHR gain-frequency characteristics and to create diagnostic model to predict anterpartum asphyxia. Diagnostic model is created to analyze data of training sample of CTGs. 40 CTGs without accelerations, decelerations, bradyand tachycardia, with mean oscillation amplitude ranged from 3 to 5 beat/min were included in training sample. 20 CTGs of training sample were obtained from women with abnormal perinatal outcome and 20 CTGs of training sample were obtained from women with normal perinatal outcome. Efficiency of the created diagnostic model is checked by analyzing data of examination sample of the rest 81 CTGs.
Results
FHR gain-frequency characteristics of training sample of CTGs are analyzed in order to find new diagnostic criteria of fetal condition. There were no statistical significant differences between all amplitude characteristics in five low frequency bands excepting MR ranged from 0.01 to 0.02 Hz and from 0.04 to 0.07 Hz. SD and MAD of FHR in three high frequency bands (>0.3; 0.14-0.3; 0.07-0.14 Hz) are statistically significant lower in cases of intrauterine deaths. The area under the ROC curve and its SE is greatest for MAD in frequency bands from 0.14-0.3 Hz (0.83, 0.06, p<0.001, n = 40). These data allow to predict intrauterine death by analysis of CTGs without accelerations, decelerations, brady-and tachycardia, with mean oscillation amplitude from 3 to 5 beat/min (Tables 1 and 2 ). Multiple logistic regression was used to investigate the relationship of FHR gain-frequency characteristics and anterpartum fetal asphyxia and to create diagnostic model to predict perinatal outcome. Variables were selected by a forward-step procedure. The criterion for selection in the model was probability value of <0.05. The diagnostic model included SD in range >0.3 Hz and MAD ranged from 0.14 to 0.3 Hz. The created diagnostic model is detecting compromise fetal condition in 18 from 20 CTGs (90%, CI 95% = 68-99%) obtained in cases of intrauterine deaths and normal fetal condition in 18 from 20 CTGs obtained in cases of normal perinatal outcome. Diagnostic efficacy for CTGs training sample was 90% (CI 95% = 76-97%). We have checked diagnostic efficiency of the created model by analyzing the rest 81 CTGs from the examination sample whose data are not analyzed at the creating diagnostic model. It is used to determine the compromised fetal conditions in 17 from 17 CTGs obtained in cases of intrauterine deaths and normal fetal condition in 58 cases from 64 CTGs (91%, CI 95% = 81-96%) obtained in cases of normal perinatal outcome. The comparison of the diagnostic efficiency of training and examination samples of CTGs confirms high sensitivity and specification of our model. 
Discussion
We have applied wavelet analysis in order to find new useful criteria to predict perinatal outcome. There exists no computer program to detect fetal condition by FHR analysis using any special mathematical approach (fast Fourier transform, wavelet transform) in clinical practice. Efficiency for detecting fetal conditions on the second stage of labour is shown only for SD in the scale corresponding to the central frequencies 0.04 Hz.
The most effective criteria of computerized FHR pattern is STV. The volume of this criterion is influenced both by 0.26 Hz oscillations and oscillations of all other frequencies. To exclude the effect of STV volume at the decelerations periods containing them we discard these time-intervals from analysis. However STV cannot distinguish the low FHR variation of healthy fetuses during quiet sleep from the low variation of compromised fetuses.
Our results show that the most effective of the analyzed FHR gain-frequency characteristics is MAD in the frequency bands from 0.14 to 0.3 Hz. We conclude that this criteria is close to STV but it gives a new method which allows to minimize the influence of all other frequencies. On the base of an analysis of CTGs without accelerations, decelerations, brady-and tachycardia, with mean oscillation amplitude from 3 to 5 beats/min discover that it is effective in prediction of the intrauterine death. In particular it gives possibility to perform an analysis of low variable CTGs which give no information for visual analysis.
We show that the study of different amplitude characteristics-SD and MAD-and amplitude characteristics of different frequencies allows to increase the accuracy of the perinatal outcome prediction. We find out that changing volume between different amplitude characteristics and between amplitude characteristics of different frequency ranges has a diagnostic significance. Indeed ratio SD to MAD in frequency range >0.3 Hz was statistic significant lower in cases of normal perinatal outcome. It can reflect on the increasing of fluctuation variability FHR in frequency bands >0.3 Hz in the case of compromise fetuses. Both the quotient between volume SD in frequency range from 0.14 to 0.3 Hz and volume SD in frequency range >0.3 Hz and the quotient between volumes MAD of the same frequency range were statistic significant lower in cases of intrauterine death. It can reflect on the decreasing of the fluctuation variability FHR between amplitude characteristics of different high frequency bands for compromise fetuses.
